Introduction
============

Stent-assisted coil embolization (SACE) for intracranial aneurysms lowers the rate of coil protrusion into the parent artery and is particularly recommended to address wide-necked or complex aneurysms.^[@B1],[@B2]^ However, SACE is associated with a risk of in-stent thrombosis (IST) and ischemic complications.^[@B3]--[@B9]^ Despite the routine use of antiplatelet therapy and heparinization in conjunction with SACE, a certain incidence of IST is to be expected. Therefore, its early identification is important to prevent neurologic complications. In a retrospective study, we investigated the incidence and timed the development of acute IST during SACE.

Materials and Methods
=====================

We retrospectively evaluated clinical and radiological data of 185 patients with unruptured intracranial aneurysms (84 men and 101 women; mean age 66.0 ± 12.6 years) underwent SACE procedures between May 2013 and April 2018 at our institute. The ethics committee of our institution approved this study and informed consent was obtained from all patients or their legal representatives after full explanation of the procedures. For at least 7 days before SACE, all patients underwent dual- or triple antiplatelet therapy selected depending on the result of aspirin- and P2Y12 reaction units. Dual antiplatelet therapy consisted of aspirin (100 mg daily) and clopidogrel (75 mg daily) or cilostazol (200 mg daily). Triple antiplatelet therapy was selected in cases of aspirin or clopidogrel non-responders or the absence of assay; it consisted of aspirin (100 mg daily), clopidogrel (75 mg daily), and cilostazol (100 mg daily).^[@B10]^

All SACEs were performed under general anesthesia and systemic heparinization. We placed 128 laser-cut stents \[28 Enterprise VRD stents (Codman, Raynham, MA, USA), 100 Neuroform stents (Stryker, Fremont, CA, USA)\], and 57 braided stents \[LVIS stents (MicroVention TERUMO, Tustin, CA, USA)\]. Stent selection was based on the status of the parent arteries and aneurysms. We favored the 'jailing' technique in which the stent is deployed after introducing a microcatheter into the aneurysm. In all cases, the intravenous (iv) injection of ozagrel sodium (40 mg) was started immediately after stent placement.

Intraoperative angiography was performed at 5-min intervals. When shadow defects were observed at the level of stent placement on intraprocedural angiograms, IST was recorded. Of the 185 patients, 11 (5.9%) developed acute intraoperative IST; its onset was measured from the time of stent placement. All ISTs were treated by anticoagulant therapy (additional systemic heparinization and/or 20 mg argatroban) and induced hypertension \[norepinephrine or dopamine delivered iv to maintain a systolic blood pressure (SBP) \> 120 mmHg\]. The time to IST abatement was recorded and treatments were continued until it was angiographically confirmed on the first postoperative day. IST-related neurologic events were categorized as transient ischemic attacks (TIAs, neurologic deficits lasting \< 24 h), minor stroke \[neurologic deficits lasting \> 24 h with a National Institutes of Health Stroke Scale score (NIHSS) \< 4\], and major stroke (neurologic deficit lasting \> 24 h, NIHSS \> 4).

The characteristics, angiographic results, and clinical outcomes were evaluated in all 11 patients with acute IST. The IST was analyzed using multiple logistic regression analysis; the covariates were the age, sex, antiplatelet agent type, stent type, and stent size. A stepwise method was applied for the selection of variables. Continuous variables were expressed as the mean ± one standard deviation (SD), categorical variables in terms of percentages. The Fisher exact test was used for categoric- and the Mann--Whitney *U*-test for continuous variables. Differences of *P* \< 0.05 were considered statistically significant.

Results
=======

[Table 1](#T1){ref-type="table"} shows the relationship between the patient characteristics and acute IST development. IST occurred after five laser-cut- and six braided stent placements. The patient age, sex, pre-procedural antiplatelet agent type, and the stent type were not significantly different in patients with- and without IST.

The overall mean stent diameter and length were and 4.5 ± 0.7 and 21.0 ± 4.1 mm, respectively. The mean stent diameter was significantly smaller in patients with- than without IST group (3.0 ± 0.9 mm vs. 4.5 ± 0.7 mm, *P* = 0.007); the mean stent length was not significantly different (*P* \> 0.5). A smaller stent diameter was significant in the development of IST (odds ratio 5.35, 95% confidence interval 1.39--20.64, *P* = 0.015).

Neurologic events occurred after 18 of the 185 procedures (9.7%); six patients (3.2%) developed TIA, 10 (5.4%) a minor- and two (1.1%) a major stroke. Acute IST resulted in a higher incidence of neurologic event (27.3% vs. 8.6%, *P* = 0.08).

[Table 2](#T2){ref-type="table"} shows the characteristics of the 11 patients (five men, 45.5%; six women 54.5%) who developed acute IST; their mean age was 53.0 ± 12.8 years. Of the ISTs, five were on the internal carotid artery, two on the middle cerebral artery (MCA), two on the anterior communicating artery (AcomA). Of the remaining two, one of each was on the basilar artery or the posterior cerebral artery. The mean aneurysmal dome and neck size of the 11 aneurysms was 8.4 ± 3.3 mm and 4.9 ± 1.6 mm, respectively.

Acute IST developed after the placement of 1/28 (3.1%) Enterprise VRD-, 4/100 (4.0%) Neuroform-, and 6/57 (10.5%) LVIS stents; the difference was not statistically significant (*P* = 0.21). The mean IST onset time after stent placement was 19.0 ± 7.7 min. All ISTs were resolved intraoperatively by the administration of anticoagulants and by induced hypertension; the mean time to IST abatement was 45.0 ± 10.6 min. Three patients with IST (27.3%) suffered neurologic events; one presented with TIA, two had minor strokes, and no patient had a major stroke.

[Table 3](#T3){ref-type="table"} shows the relationship between acute IST and the self-expanding stent type. The rate of acute ISTs was higher for braided- than laser-cut stents (6/57, 10.5% vs. 5/128, 3.9%); the difference was not statistically significant (*P* = 0.1). The mean time to IST onset, determined by multivariate regression analysis, was significantly longer with laser-cut- than braided stents (laser-cut, 29.0 ± 4.8 min vs. 17.5 ± 4.1 min; *P* = 0.006). The mean time to IST abatement was 45.0 ± 13.1 min for laser-cut- and 46.0 ± 7.6 min for braided stents (*P* \> 0.5). Neurologic events due to IST occurred in two of five patients (40.0%) who received laser-cut- and in one of six (16.7%) treated with a braided stent (*P* = 0.08).

Illustrative Cases
==================

Case 8:
-------

A 51-year-old man had undergone coil embolization of a ruptured AcomA aneurysm 5 years earlier. He came to us for further evaluation and treatment because magnetic resonance angiography findings were suggestive of aneurysmal regrowth. Angiography confirmed regrowth of the aneurysmal neck and coil compaction ([Fig. 1A](#F1){ref-type="fig"}) and he underwent SACE after 14-day dual-antiplatelet therapy. Based on the size of the parent artery, a LVIS Junior stent (fully open diameter = 2.5 mm, length = 23 mm) was placed to cover the aneurysm neck and coils were inserted in the aneurysm using the jailing technique under systemic heparinization and Ozagrel sodium administration ([Fig. 1B](#F1){ref-type="fig"}). Left ACA occlusion due to acute IST was observed 11 min after stent placement ([Fig. 1C](#F1){ref-type="fig"}) and additional heparin and/or argatroban were administered; norepinephrine was also delivered to maintain his SBP at more than 120 mmHg. The left ACA occlusion recanalized after anticoagulant- and induced hypertension therapy, and his IST abated gradually in the course of 44 min ([Fig. 1D](#F1){ref-type="fig"}). His postoperative course was good without neurological deficits, and follow-up angiograms revealed no recurrence of IST on the day after SACE.

Case 11:
--------

A 53-year-old man was hospitalized for further evaluation and treatment of an unruptured right MCA aneurysm ([Fig. 2A](#F2){ref-type="fig"}). At his request, endovascular treatment was performed. Because coil protrusion was observed under balloon remodeling and after application of the double-microcatheter technique, we placed a Neuroform Atlas stent (fully open diameter = 3.0 mm, length = 21 mm) and then inserted coils into the aneurysm ([Fig. 2B](#F2){ref-type="fig"}). The aneurysm was treated as a small neck remnant. Acute IST occurred 21 min after stent placement ([Fig. 2C](#F2){ref-type="fig"}). Additional anticoagulant therapy was delivered, and hypertension was induced. The IST subsequently resolved gradually in the course of 18 min ([Fig. 2D](#F2){ref-type="fig"}). Although he reported transient left upper extremity weakness after waking up from general anesthesia, there was neither recurrence of IST nor hemorrhagic complication, and he was discharged without neurologic events.

Discussion
==========

Thromboembolism and hemorrhage are the most common complications of SACE for wide-necked intracranial aneurysms. The reported thrombosis rates during SACE vary from 2% to 20%.^[@B3],[@B6]--[@B9],[@B11]--[@B14])^ In our study, the rate of acute IST was 5.9%. In an earlier analysis of coronary disease, the placement of stents with a small diameter was an independent predictor of early and late IST.^[@B15]^ Based on our experience, we recommend that patients implanted with small-diameter stents be carefully monitored to rule out the development of IST.

Surgeons modify antiplatelet and/or anticoagulant regimens because acute IST often elicits ischemic complications. However, as the premature or excessive prevention of IST may result in hemorrhagic complications before coil embolization, long-lasting or loading doses of dual-antiplatelet- and intraoperative anticoagulant therapy are commonly selected, and additional treatments for acute IST are delivered only after its occurrence. We encountered acute IST a mean of 19.0 min after stent deployment. Our findings show that patients must be monitored for tens of minutes after stent deployment to immediately detect the development of acute IST even when SACE is completed earlier than expected.

Interestingly, although there was no significant difference in the incidence of IST between the different stent types we deployed, it developed earlier after the placement of braided stents. Computational fluid dynamics modeling showed that wall shear stress was lower with LVIS than Enterprise stents because the LVIS stent provides denser metal coverage than the Enterprise device.^[@B16]^ In fact, bench-top experiments revealed that LVIS stents yielded more average metal coverage than Enterprise and Neuroform stents (11.5--14% vs. 5--10%).^[@B17]^ This may explain why thrombus formation occurs earlier in braided than laser-cut stents.

Acute IST may be attributable to factors other than the stent design; different stenting procedures may also account for its occurrence. According to Cai et al.,^[@B18]^ the rate of thromboembolic complications is higher with coil-then-stent- than other procedures such as jailing or trans-cell methods. Although we applied the jailing-outside-the-stent technique in most of our cases, differences in the placement of the LVIS stent may have played a role. Unlike the Neuroform stent, the LVIS stent allows repositioning. Stent openness can be visually confirmed during LVIS stenting, this is not possible when Neuroform- or Enterprise stents are used. Consequently, in some cases, LVIS repositioning may result in iatrogenic intimal injury.

Meticulous intraoperative image observation is particularly important after the placement of laser-cut stents. Early IST can be addressed immediately when attention is paid to angiograms obtained at the start of the procedure, during stent placement, and upon the insertion of framing coils. However, the number of angiograms performed tends to decrease during the insertion of filling- and finishing coils and SACE may be thought to be successful before IST is recognized. Thus, the detection and treatment of IST may be delayed in patients undergoing SACE with laser-cut stents.

Aspirin or clopidogrel resistance may affect the incidence of acute IST. Aspirin- and P2Y12 reaction units have been measured with the VerifyNow assay after the administration of antiplatelet agents.^[@B19],[@B20]^ The appropriate dose of other drugs must be determined before the procedure when the platelet reactivity units (PRUs) exceed an acceptable range. However, not all of our patients were subjected to this assay because it was introduced after the inception of our study. And triple antiplatelet therapy was selected in cases of aspirin or clopidogrel non-responders or the absence of VerifyNow assay. The PRUs vary in patients with coexisting diseases^[@B21]^ and in the absence of consensus on the cut-off value for identifying aspirin or clopidogrel non-responders, data interpretation results in ambiguous findings.^[@B22]^ Nonetheless, a low PRU value is not necessarily predictive of an unsatisfactory treatment outcome.^[@B23]^ Therefore, as we were unable to modify the antiplatelet dose before the procedures, we selected routine iv Ozagrel sodium administration. Ozagrel sodium, a thromboxane A2 synthase inhibitor, elicits an increase in prostacyclin and inhibits platelet aggregation; it has been used in patients with acute cerebral infarction^[@B24]^ or thromboembolism during endovascular treatments in Japan.^[@B25]^ We think that Ozagrel sodium administration may help to prevent acute IST due to different antiplatelet therapy.

Treatments for acute IST have been reported and the local intra-arterial and/or iv administration of glycoprotein IIb/IIIa inhibitors has been recommended.^[@B3],[@B4],[@B6]--[@B8],[@B13],[@B18]^ As their use has not been approved in Japan, we use heparinization and argatroban for anticoagulant therapy. We induced hypertension when the effect of our anticoagulant regimen is thought to be insufficient. Although we could not deliver the yet unapproved antiplatelet- or anticoagulant therapy, all acute ISTs were resolved intraoperatively. However, the incidence of postoperative neurologic events in our patients with acute IST (27.3%) was similar to earlier series (20--57%).^[@B3]--[@B9]^ Our study also demonstrated that acute IST increased the risk for post-procedural neurologic events. The new antiplatelet or anticoagulant therapies with the early diagnosis may help to lower the incidence of acute IST and of related neurologic complications. Further studies must be required to determine whether new peri-procedural drug managements affect the development of acute or chronic IST in patients undergoing SACE.

Conclusion
==========

As the IST onset time differs for different stent types, the early detection of IST requires the acquisition and meticulous inspection of intraoperative images in patients undergoing SACE. Prompt treatment after the early diagnosis of acute IST may prevent the development of severe neurologic complications.
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![Preoperative angiogram showing a recurrent anterior communicating artery aneurysm (A: *arrowhead*). A LVIS Junior stent was placed to cover the aneurysm neck after microcatheter insertion into the aneurysm (B: *arrow*). The intraoperative angiogram shows left anterior cerebral artery (ACA) occlusion due to acute in-stent thrombosis (IST) occurring 11 min after stent placement (C: *arrows*). The left ACA occlusion and IST gradually recanalized after anticoagulant therapy and induced hypertension (D: *arrows*).](nmc-58-435-g001){#F1}

![Preoperative angiogram showing an unruptured right middle cerebral artery aneurysm (A: *arrowhead*). Coils were inserted into the aneurysm after placement of a Neuroform Atlas stent (B: *arrows*). Acute in-stent thrombosis occurred 44 min after stent placement (C: *arrowhead*). It resolved gradually 40 min after anticoagulant therapy and induced hypertension (D: *arrowhead*).](nmc-58-435-g002){#F2}

###### 

Comparison of the characteristics of 185 patients with/without acute in-stent thrombosis

                                         IST (*n* = 11)   Non-IST (*n* = 174)   *P*-value
  -------------------------------------- ---------------- --------------------- -----------------------------------------
  Age (mean ± SD, y)                     60.0 ± 14.3      66.0 ± 12.5           0.06[^\*^](#TFN3){ref-type="table-fn"}
  Male, *n* (%)                          5 (45.5)         79 (45.4)             \>0.5[^†^](#TFN2){ref-type="table-fn"}
  Triple antiplatelet therapy, *n* (%)   5 (45.5)         104 (59.8)            0.4[^†^](#TFN2){ref-type="table-fn"}
  Stent type                                                                    
    Laser-cut, *n* (%)                   5 (45.5)         123 (70.7)            0.1[^†^](#TFN2){ref-type="table-fn"}
    Braided, *n* (%)                     6 (54.5)         51 (29.3)             0.1[^†^](#TFN2){ref-type="table-fn"}
  Stent size                                                                    
    Diameter (mean ± SD, mm)             3.0 ± 0.9        4.5 ± 0.7             0.007[^\*^](#TFN3){ref-type="table-fn"}
    Length (mean ± SD, mm)               21.0 ± 4.5       21.0 ± 4.1            0.4[^\*^](#TFN3){ref-type="table-fn"}
  Neurologic event, *n* (%)              3 (27.3)         15 (8.6)              0.08[^†^](#TFN2){ref-type="table-fn"}
    TIA, *n* (%)                         1 (9.1)          5 (2.9)               0.3[^†^](#TFN2){ref-type="table-fn"}
    Minor, *n* (%)                       2 (18.2)         8 (4.6)               0.1[^†^](#TFN2){ref-type="table-fn"}
    Major, *n* (%)                       0                2 (1.1)               \>0.5[^†^](#TFN2){ref-type="table-fn"}

IST: acute in-stent thrombosis, Major: major stroke (NIHSS \> 4), Minor: minor stroke (NIHSS \< 4), *n*: number of procedures, SD: standard deviation, TIA: transient ischemic attack,

by the Fisher exact test,

by the Mann--Whitney *U*-test.

###### 

Patient characteristics, stent devices, and clinical outcomes in 11 patients with acute in-stent thrombosis during stent-assisted coil embolization

  Patient no.   Aneurysm   Self-expandable stent   Time of IST (min)   Neurologic event             
  ------------- ---------- ----------------------- ------------------- ------------------ ---- ---- -------
  1             ICA        9.3/5.0                 Neuroform           4.5/30             25   45   (--)
  2             ICA        14.7/5.8                Neuroform           4.5/20             35   54   (--)
  3             ICA        8.2/3.7                 Enterprise VRD      4.0/23             31   52   Minor
  4             ICA        8.4/3.4                 LVIS junior         2.5/17             9    51   (--)
  5             ICA        11.4/5.9                Neuroform           4.5/30             29   36   (--)
  6             AcomA      6.2/3.0                 LVIS junior         3.5/18             19   54   (--)
  7             BA         5.4/4.9                 LVIS junior         2.5/17             19   38   (--)
  8             AcomA      3.2/2.0                 LVIS junior         2.5/23             11   44   (--)
  9             MCA        11.6/6.5                LVIS junior         2.5/23             19   32   Minor
  10            PCA        12.1/7.2                LVIS junior         2.5/17             16   48   (--)
  11            MCA        7.7/3.3                 Neuroform           3.0/21             21   18   TIA

AcomA: anterior communicating artery, BA: basilar artery, ICA: internal carotid artery, IST: acute in-stent thrombosis, Major: major stroke (NIHSS \> 4), MCA: middle cerebral artery, Minor: minor stroke (NIHSS \< 4), n: number of procedures, PCA: posterior cerebral artery, SD: standard deviation, TIA: transient ischemic attack, VA: vertebral artery.

###### 

Relationship between the stent type and the incidence of acute in-stent thrombosis, the time to IST, to IST abatement, and the incidence of neurologic events

                                         Stent type                  
  -------------------------------------- ------------- ------------- -----------------------------------------
  Number of IST, *n* (%)                 5 (3.9%)      6 (10.5%)     0.1[^†^](#TFN6){ref-type="table-fn"}
  Time of IST                                                        
    Onset (mean ± SD, min)               29.0 ± 4.8    17.5 ± 4.1    0.006[^\*^](#TFN7){ref-type="table-fn"}
    Abatement (mean ± SD, min)           45.0 ± 13.1   46.0 ± 7.6    \>0.5[^\*^](#TFN7){ref-type="table-fn"}
  Neurologic event due to IST, *n* (%)   2/5 (40.0%)   1/6 (16.7%)   0.08[^†^](#TFN6){ref-type="table-fn"}

IST: acute in-stent thrombosis, *n*: number of procedures, SD: standard deviation,

by the Fisher exact test,

by the Mann--Whitney U-test.
